Ukraine, and Russia, countries contaminated by radioactive fallouts from the Chernobyl nuclear power station accident. Several investigations revealed causative association of thyroid cancer with internal exposure to radioiodine (4 -6) .
Clinical studies of Chernobyl thyroid cancers have demonstrated a high prevalence of papillary thyroid carcinoma (PTC) (7) (8) (9) (10) , an aggressive clinical course especially in cases with short latency (7, 8) and an elevated recurrence rate (11) . Most of these studies, however, being ecological in design, have not taken accurate account of thyroid radiation doses and other baseline characteristics as well as of treatment protocols which may influence prognosis. Recurrence pattern has also been poorly addressed so far, perhaps due to the relatively short follow-up period.
Clinical behavior of external radiation-related thyroid cancers and long-term results of treatment do not appear to be different from sporadic thyroid malignancies of similar histotypes (2, (12) (13) (14) . With regard to internal radiation-related cancers, no similar studies have been done to date. The aim of this work was to analyze risk factors for thyroid cancer recurrence in patients with radiation-related (internal exposure to radioiodine after Chernobyl) and sporadic PTC. Here we report for the first time the results of a center-based cohort study of a large group of patients from Russia.
Materials and Methods

Study cohort and terms
A total of 1753 thyroid cancer patients admitted to and/or followed-up at the Medical Radiological Research Center of Russian Academy of Medical Sciences (MRRC RAMS, Obninsk, Russia) during 1982-2008 were initially considered. PTC was diagnosed in 1513 (86.3%) cases including patients of all ages from both radiation-contaminated areas and other regions of the European part of the country; all these geographic regions are characterized by the low to moderate iodine deficiency (15) . Seven hundred four patients were aged less than 18 yr at the time of the Chernobyl accident (April, 1986) ; diagnosis in these cases was verified by the Pathology Panel of the international Chernobyl Tissue Bank project (16) . Of these patients, 352 individuals lived in April 1986 in the regions (oblasts) officially recognized as radiation-contaminated. For all these patients the individual radiation doses for the thyroid were reconstructed (5, 17) . The remaining 264 patients were residents of noncontaminated regions; none of them had prior history of radiation. Of the 704 patients meeting age criterion, 37 who were followed-up fewer than 6 months or had persistent disease were excluded from the study. The study period was from January 1, 1991 to December 31, 2008, leaving 657 patients for further consideration.
The study subjects consisted of two etiological groups. At first we identified all patients in whom reconstructed individual thyroid doses were Ͼ50 mGy (51-3170 mGy); this group was designated RI-PTC. Next, among the remaining patients we identified 341 individuals with reconstructed thyroid dose Ͻ5 mGy and then selected approximately two patients matching each RI-PTC patient by sex, age at diagnosis (Ϯ5 yr), and also calendar time of diagnosis (Ϯ2 yr) to avoid bias due to diagnostic and treatment advancements with time and to account for sampling incidence; this group was designated SP-PTC. Thus defined, as outlined in Fig. 1 , a cohort of 172 RI-PTC patients and 325 SP-PTC patients was composed.
The study and the protocols were approved by the Institutional Review Board and the Ethics Committee of each participating institution.
Clinical characteristics, treatment, and follow-up
Tumor staging was according to UICC TNM classification of malignant tumors, 6th edition (18) . Pathological diagnosis was based on the WHO standards (19) .
FIG. 1.
Selection of patients for the study and reasons for exclusion.
a , Patients were excluded from the study in view of uncertainty in the risk of developing thyroid cancer after internal exposure within this dose range.
The extent of surgery, depending on tumor spread, was total thyroidectomy, near-total or hemithyroidectomy with or without neck dissections. Prophylactic central neck dissections (level VI) were done frequently while therapeutic lateral neck dissection was performed for biopsy-proven clinically involved lymph nodes in levels II-V ( Table 1) . The relationship between tumor aggressiveness and surgical treatment is shown in Supplemental Table 1 (published on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org).
Postoperative radioiodine (RAI) thyroid remnant ablation was performed by administration of 50 -70 mCi of 131 I not later than 6 months after surgery. Some low-risk patients were not subjected to this procedure, in line with national guidelines. Whole-body RAI scanning was done on d 5 in all patients after RAI ablation to detect extrathyroidal disease. If 131 I uptake was registered outside the thyroid bed, patients received RAI therapy (100 -200 mCi) or surgery, depending on clinical indications. All patients received TSH suppression therapy. Serum TSH levels (hTSH RIA) as well as serum Tg (hTG IRMA) and TgAb (ABhTG IRMA, all kits from Cis Bio international, Gif-sur-Yvette, France) were measured every 6 or 12 months in high-or low-risk patients, respectively, during follow-up clinical examination which also included ultrasound neck area examination, consultations with an endocrinologist and oncologist, as well as RAI scanning, x-ray, or other imaging if necessary.
For every participant of the study we determined the appropriateness of treatment approach by comparing it to the recommendations in the Revised American Thyroid Association (ATA) Management Guidelines for Patients with Thyroid Nodules and Differentiated Thyroid Cancer (hereafter referred to as the Guidelines), which were regarded as the gold standard (20) . Compliance with recommendations rated A, B, E, and F was considered mandatory; recommendations C and D were weighed in each individual case, recommendation I was omitted. Note that accordance with the Guidelines was not observed in all patients because some of them were initially treated at nonspecialized hospitals.
Recurrence as the end point
Disease recurrence was defined as surgically removed and pathologically verified local tumor focus or regional metastasis, or distant metastasis detected by ultrasound or RAI imaging not earlier than 6 months after initial treatment. In thyroidectomized patients, stimulated serum Tg test was done before imaging. Patients with negative neck ultrasound, serum Tg Ͻ2 g/liter after thyroid hormone withdrawal with TSH level Ͼ30 mIU/liter, negative TgAb and no other evidence of disease were considered disease-free. Serum Tg Ͼ2 g/liter was considered as an indication for further diagnostic means. For radioiodine-based diagnostic procedures, uptake in or outside of the thyroid bed or in a previously unaffected area was interpreted as recurrence. The time to recurrence (only the earliest was taken into account) was calculated based on the date of reoperation or on the date of recurrence detection by imaging.
Statistical analysis
Baseline factors, cancer-related characteristics, and treatment modalities in RI-PTC and SP-PTC groups were compared using Fisher's exact test or its extension for categorical data and Wilcoxon rank-sum test for continuous measurements.
Factors affecting disease-free survival (DFS) were assessed by stratified analysis using Cox proportional hazard model, where the 172 strata were defined by (RI-PTC)-(SP-PTC)-(SP-PTC) triads or (RI-PTC)-(SP-PTC) pairs. The following variables were tested: age at diagnosis (years, a continuous variable), sex, exposure to radioiodine (Yes/No), tumor size (Յ10 mm vs. Ͼ10 mm), lymph node metastasis, distant metastasis, vascular invasion, tumor multifocality, extrathyroidal extension, presence of tumor capsule (any extent), histopathological variant (classical, follicular, other), and treatment according to the Guidelines (categorical variables). The Guidelines contain differential recommendations for the initial and post initial management of PTC, including the extent of thyroid surgery, neck dissections, and RAI ablation, depending on indications. We did not test each parameter separately but determined the general treatment compliance with the Guidelines for all patients. Thus, the impact of each modality is integrated in the model to reflect treatment adequacy. In addition, interactions of all the variables with the environmental exposure to radioiodine were examined.
Model optimization was performed using Akaike information criteria (21) , starting from the full model including all the variables listed above. Once the most appropriate model was determined, the maximum likelihood estimates of the respective parameters and their Wald-type 95% confidence intervals were calculated. DFS rates were compared between RI-PTC and SP-PTC using log-rank test for selected combinations of the risk factors.
The UNIVARIATE procedure (SAS Procedures Guide Version 8. SAS Institute, Cary, NC), and NPAR1WAY, FREQ, LIFETEST, and PHREG (with STRATA statement) procedures in the SAS system (SAS/STAT User's Guide Version 8. SAS Institute, Cary, NC) were used for calculations, and GraphPad Prism 4 (GraphPad Software Inc., La Jolla, CA) was used to plot the Kaplan-Meier estimates of survival functions. The PROC UNIVARIATE was used to calculate the mean, SD, minimum and maximum for continuous measurements; PROC NPAR1WAY was used to perform Wilcoxon rank-sum test for comparing the distributions of the continuous measurements between RI-PTC and SP-PTC groups; PROC FREQ was used to perform Fisher's exact test and its extension for categorical data; PROC LIFETEST was used to perform log-rank test; and the PHREG was used to perform the stratified analysis using Cox proportional hazard model. The P value less than 0.05 was regarded as indicating statistical significance.
Results
Descriptive characteristics of the study groups Table 1 shows the comparison between RI-PTC and SP-PTC groups with respect to baseline factors, cancer characteristics, and treatment modalities.
Although the baseline characteristics of RI-PTC and SP-PTC groups, such as age at diagnosis and time to treatment differed significantly (19.6 vs. 25.1 yr old and 109.1 vs. 123.7 months, respectively, P Ͻ 0.001), we note that these differences were within the prespecified matching limits.
Among cancer-related characteristics, T1 tumors were observed more frequently in RI-PTCs while T2, T3, and T4 in SP-PTCs (P ϭ 0.015 for distribution). Tumor size in RI-PTC group was smaller than that in SP-PTCs (12.5 mm vs. 14.8 mm, P ϭ 0.019), and also extrathyroidal tumor d Calculated as an interval between the beginning of the study and the date of the first surgery.
e Any extent of tumor capsule on pathology, from full to patchy, was interpreted as the capsule presence; otherwise, the tumors were considered nonencapsulated.
spread was observed in the former group less frequently (6.4% vs. 12.3%, P ϭ 0.043). These differences were likely due to ultrasound screening programs implemented in the regions contaminated with radionuclides that allowed the detection of early-stage malignancies more often. The overall prevalence of nodal disease and the frequencies of vascular invasion and multifocal tumors did not differ between the groups. Histological data demonstrated the presence of tumor capsule in about 40% cases in both groups. The classical papillary variant of tumor morphology was predominant and more frequent among SP-PTCs (72.3% vs. 61.0%), while the follicular variant was more prevalent in the RI-PTC group (30.2% vs. 21.2%). Frequencies of tumors with less common histological variants of PTC occurred with comparable frequencies in both groups. Overall, the distributions of histological variants in RI-and SP-PTC groups differed significantly (P ϭ 0.041).
Total thyroidectomy was done in approximately 50% of all patients. Near-total thyroidectomy was rather infrequent (1.7-6.8%), hemithyroidectomy was performed in 47.1% and 40.6% of RI-PTC and SP-PTC patients, respectively (P ϭ 0.027 for distribution). The relatively high frequency of organ-preserving surgeries was due to national guidelines recommending such for small solitary cancers confined to the thyroid without evidence of regional and/or distant metastases. Lymph node dissections were done in most cases (78.3% totally), but they were more frequent in RI-PTC group than in SP-PTCs (83.7% vs. 75.4%, P ϭ 0.039), perhaps because surgeons were partly influenced by earlier reports on high aggressiveness of Chernobyl thyroid cancers. RAI ablations were performed in about one-third of cases (37.6% totally) with comparable proportions of patients receiving this treatment in both groups. Suppression hormone therapy was prescribed to all patients in this study; attained serum TSH levels were Յ0.1 mU/liter in all disease-free patients throughout the follow-up period. Overall compliance of treatment with the Guidelines in the cohort was 66.2%.
However, in RI-PTC group it was significantly more frequent than in the SP-PTC (73.8% vs. 62.2%, P ϭ 0.010).
Disease recurrence
As shown in Table 2 , during the study period recurrences were registered in 89 (17.9%) patients, of them in 25 patients of the RI-PTC and in 64 patients of the SP-PTC groups (14.5% vs. 19.7%, P ϭ 0.177).
Eighty-six cases of recurrence were confirmed by histological examination of surgically removed tumor tissues; one of these cases was accompanied by distant metastases in the lung. In the remaining three cases distant metastases were revealed on diagnostic whole-body scintigraphy during follow-up.
The most common recurrence sites were regional lymph nodes (totally 81.2%). Local recurrence (in the thyroid bed) was observed in 14.9%. Distant metastases (in the lung) were diagnosed in 4.0%. No lethal outcomes were registered.
Disease-free survival analysis
As specified in Table 3 showing the estimates of risk factors remained in the optimal model, environmental exposure to radioiodine and tumor size had insignificant effects on disease-free survival while the presence of tumor capsule (HR ϭ 0.17; 95% CI ϭ 0.06 to 0.45), nodal disease (HR ϭ 5.21; 95% CI ϭ 1.63 to 16.7), and treatment according to the Guidelines (HR ϭ 0.16; 95% CI ϭ 0.06 to 0.42) had a marked influence. The strongest factor appeared to be namely the latter one: adequate treatment significantly decreased chance of recurrence. Somewhat unexpectedly, the presence of tumor capsule also strongly improved prognosis. Lymph node involvement is a known condition increasing chance of recurrence, it held true in our series. All other potential risk factors tested had insignificant effect. Importantly, no evidence of interaction of any variable with radiation exposure was found attesting to the absence of risk factors specific to radiationrelated or sporadic PTC. DFS was compared between RI-PTC and SP-PTC for all combinations of the three dichotomous variables found to be significantly associated with it. As demonstrated in Fig.  2 , risk for disease recurrence was not higher in patients with radiation-related PTC compared with those with sporadic PTC in any scenario considered.
Discussion
This study analyzed clinicopathological characteristics and risk factors for recurrence in a group of young patients with PTC of different etiology. The advantages of our work include the center-based implementation according to a uniform protocol, the availability of individual thyroid radiation dose estimates, the inclusion of pathologically verified PTC cases, an opportunity to accrue a relatively large group of young patients with sporadic PTC, and the control for baseline factors.
A source of potential bias could be the systematic ultrasound screening of the residents of contaminated regions. The influence of this factor perhaps explains the lower pT category (P ϭ 0.015) as well as the smaller tumor patients of SP-PTC group with doses Ͻ5 mGy) were subjected to ultrasound screening, it was impossible to distinguish whether it was radiation exposure or ultrasound screening which associated with the less advanced tumor spread. However, if patients of SP-PTC group were considered regardless of radiation dose, similar trends were detected on a supplementary analysis (data not shown). We therefore are inclined to attribute the above-mentioned differences namely to ultrasound screening.
Despite the general absence of difference in the frequency of nodal disease between RI-PTCs and SP-PTCs (54.7% vs. 48.0%, P ϭ 0.187), the central neck lymph nodes tended to be more frequently involved in the former group (N1a stage, 58.5% vs. 47.4%, P ϭ 0.117). Because it could not be ruled out that this was a radiation-related trait, a complementary multivariate regression analysis was done which showed that nodal disease interacted with treatment but not with radiation exposure (data not shown). Indeed, lymph node dissections were done more frequently in RI-PTC than in SP-PTC cases (83.7% and 75.4%, respectively, P ϭ 0.039) and thus clinically insignificant at the time of surgery regional micromeatstases were removed and revealed on pathology. We believe prophylactic central-compartment neck dissection was one of the major circumstances that decreased the chance of recurrence which in most instances (81.2% sites cumulatively) manifested as regional metastasis.
Analysis of risk factors for PTC recurrence demonstrated that among all variables tested only three (i.e. nodal disease, the presence of tumor capsule, and adequate treatment) were significant.
Nodal disease has been shown to be an adverse prognostic factor for PTC recurrence including Chernobyl childhood cancers (10, 22, 23) . Therefore it was rather expected that patients with regional metastases may be at higher risk (HR ϭ 5.21). Similarly, adequacy of treatment, especially the extent of surgery, is a well-known factor to affect DFS (10, 11, (23) (24) (25) (26) (27) . It appeared to have the strongest effect on decreasing chance of recurrence (HR ϭ 0.16) according to our investigation. Spinelli and colleagues reported a significantly higher recurrence rate in childhood thyroid cancer patients from Chernobyl regions compared with Italian patients (64% vs. 3%, P Ͻ 0.0001) (11) . However, it was pointed out that this diversity was probably due to the differences in treatment approaches: total thyroidectomy was done in 8% and 92% cases in the corresponding groups. In our opinion, the Guidelines expound well-balanced strategies of treatment justification. Treatment according to the Guidelines in our series was more frequently given to RI-PTC patients (73.8% vs. 62.2% in SP-PTC, P ϭ 0.010), and it is likely that the better DFS observed in the former group was in part the direct result of it.
Among other predictors of PTC recurrence, the best known are the older age of patients, the greater tumor size, and extrathyroidal tumor invasion (23, 28, 29) . The oldest patient in our study was 37 yr old, and within this narrow range the effect of age on DFS was not detected. On the other hand, previous works demonstrated that the younger age may also be a risk factor for PTC recurrence in young patients (10, 22) . The reasons for age effect was not revealed in our analyses may be a different statistical model (proportional hazard in this study vs. logistic regression) and prophylactic neck dissections in the majority of cases in our series.
Tumor size is an important factor influencing PTC prognosis (23, 27, 30) . In our study tumor size did not associate with the risk for recurrence (P ϭ 0.472). Perhaps this was due to the relatively young age of enrolled patients, ultrasound screening which allowed detection of small tumors, and frequent central neck dissections performed regardless of tumor size.
An interesting finding was the strong effect of tumor capsule (HR ϭ 0.17). Its beneficial influence on thyroid cancer prognosis was (31-33) or was not (13) reported in previous works. Our experience suggests that tumor capsule frequently occurs in PTC (considering both fully and partly encapsulated tumors). Tumor capsule presence can tentatively be evaluated preoperatively on high-resolution ultrasound, during surgery by cross-sectioning the removed neoplasm, and definitely verified on intraoperative pathology. Our data demonstrate that tumor capsule could be a marker of better DFS and therefore may be considered as a favorable prognostic factor. Longer follow-up is required to validate its power to affect management recommendations.
It is necessary to emphasize that none of potential risk factors tested was specific to the radiation-related or sporadic PTC group. Previous analyses of risk factors for recurrence show no principal difference between those in sporadic and external radiation-related thyroid cancer (2, (12) (13) (14) . Our study largely arrives at similar findings. We found no evidence of etiology-associated risk factors for recurrence in the cohort that included both sporadic and internal radiation-related PTCs. We conclude that similar treatment approaches should be recommended for both nonexposed patients and for those exposed to internal radiation.
